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RARE EARTH PERMANENT MAGNET AND METHOD FOR MAKING SAME 



5 FIELD OF THE INVENTION 

The present invention relates to permanent magnetic materials and more particularly, 
permanent magnetic materials composed of rare earth, iron, boron and additional elements 
and/or compounds. 

10 BACKGROUND OF THE INVENTION 

Magnetic properties of a permanent magnet material, such as the known neodymium 
(Nd)-iron (Fe)-boron (B) permanent magnet alloy (e.g., Nc^Fe,^), can be altered by 
changing the alloy composition. For example, elements may be added to the alloy as 
substitution of existing alloying elements on the same lattice sites. More specifically, in the 

15 Nd-Fe-B alloy system, the magnetic properties can be altered by direct substitution of Fe, 
Nd and B by other elements at the Fe, Nd or B sites. 

Magnetic properties of a magnetic material can also be altered by changing the 
microstructure of such alloy by changing the process conditions under which the alloy is 
made. For example, by rapid solidification, such as melt-spinning or atomization, it is 

20 possible to change the magnetic properties of such alloy by forming an extremely fine grain 
size directly from the melt or by over-quenching and then recrystallizing grains during a 
short time anneal. 

Nd-Fe-B ribbons produced by the current industry practice of melt-spinning are 
known to exhibit both microstructure and magnetic property variations between the surface 

25 of the ribbons that touched the melt-spinning wheel and the free surface that did not touch 
the melt-spinning wheel, because of the differences in cooling rate across the ribbon 
thickness. Improvements in melt-spinning processes or products are therefore generally 
sought in two areas:(l) elimination of the inhomogeneities to yield better magnetic 
properties; or (2) increasing the production throughput while not further sacrificing 

30 homogeneity or properties. Current commercial production of Nd-Fe-B material by melt- 
spinning is limited to a throughput rate on the order of 0.5 kg per minute. 

U.S. Patent No. 4,919,732 describes melt-spinning a Nd-Fe-B melt to form rapidly- 
solidified flakes that include zirconium, tantalum, and/or titanium and boron in solid 
solution. The melt-spun flakes are then comminuted to less than 60 mesh. They are 

35 subjected to a recrystallization heat treatment to precipitate diboride dispersoids for the 
purpose of stabilizing the fine grain structure against grain growth during subsequent 
elevated temperature magnet fabrication processes. 

A disadvantage associated with use of precipitated diborides of hafnium (Hf), 
zirconium (Zr), tantalum (Ta), and/or titanium (Ti) to slow grain growth is the alloy 
competition between using the boron to form the boride and using the boron to form the 
tenary Nd-Fe-B 2-14-1 phase. This means that during alloying, extra boron is needed for 
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compensating for this effect, which changes the location on the ternary Nd-Fe-B phase 
diagram and the resulting solidification sequence. 

U.S. Patent No. 5,486,240 describes a method for making a permanent magnet by 
rapidly solidifying a melt (of a rare earth permanent magnet alloy) to form particulates having 
a substantially amorphous (glass) structure or over-quenched microcrystalline structure. The 

5 melt has a base alloy composition comprising one or more rare earth elements, iron and/or 
cobalt, and boron. The alloy composition further comprises at least one of the following so- 
called transition metal elements (TM): Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and Al. The 
composition also includes at least one of carbon (C) and nitrogen (N) in substantially 
stoichiometric amounts with the transition metal TM to form a thermodynamically stable 

10 compound (e.g. , transition metal carbide, nitride and/or carbonitride). 

It is purported that the transition metal carbide, nitride and/or carbonitride compound 
is more thermodynamically stable than other compounds formable between the additives (i.e., 
TM, C and/or N) and the base alloy components {i.e., RE, Fe and/or Co, B) such that the base 
alloy composition is unchanged as a result of the presence of the additives in the melt. In one 

15 embodiment, the base alloy composition includes Nd 2 Fe M B, and elemental Ti and C and/or N 
provided in substantially stoichiometric amounts to form TiC and/or TiN precipitates. 

It is disclosed in the 740 patent that the presence of the transition metal additive(s) 
(e.g. Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, and Al) in the melt advantageously affects the glass 
forming behavior. That is, a much slower melt cooling rate can be used to achieve an 

20 amorphous structure. Thus, alloy component modifications (i.e., the amount of TM added) 
can be used to alter the glass forming ability to insure the desired amorphous structure is 
achieved in the rapidly solidified particulates. 

However, there are several drawbacks associated with adding stoichiometric carbide, 
nitride and/or carbonitride to a Nd-Fe-B alloy. For example, it has been found that adding a 

25 large amount of compound forming elements (e.g., titanium and carbon) as a means of 

enhancing quenchability occurs at the expense of magnetic properties. There are two reasons 
for this: First, the added elements (e.g., titanium and carbon) form a separate nonmagnetic 
phase from the dominant Nd-Fe-B magnetic phase that dilutes the volume of the magnetic 
phase in the alloy. This is also called volume dilution. 

30 Second, the added elements (e.g. , titanium and carbon) poison the base Nd-Fe-B 

alloy, resulting in degraded magnetic properties. This effect is due to the fact that not all of 
the added elements (e.g., titanium and carbon) are used to form the compound (e.g., titanium 
carbide). Rather, there is always some solubility for the transition metal elements (e.g., Ti) in 
the 2-14-1 (Nd-Fe-B) phase (approximately 0.06 weight percent in the case of titanium), 

35 which effects magnetic properties, particularly magnetic remanence, B r and maximum energy 
product, BH^. In the case of Ti, for example, the negative effects of Ti substitution on the 
2-14-1 phase properties are known to be significant. 

Consequently, when adding stoichiometric amount of transition metal carbide or 
nitride (e.g., TiC) to achieve the desired levels of alloy quenchability, the combined 
reductions in magnetic properties attributable to volume dilution and poisoning of the 2-14-1 
phase may render the magnetic properties commercially unacceptable. For example, the 
inventors of the present invention have shown that for a standard, commercially available 
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Nd-Fe-B alloy composition, the optimum wheel speed used in melt-spinning (a direct 
measure of quenchability) for forming alloy powders may be reduced from about 20 meters- 
per-second down to about 8 meters-per-second by adding about three atomic-percent of TiC. 
However, the reduction in magnetic properties of the alloy appears to be more on the order of 
20 to 30 percent, resulting in unacceptable properties, even though the amount of TiC second 
5 phase, which is nonmagnetic, comprises only about six volume-percent. 

Moreover, it is believed that aluminum (Al) is mistakenly identified in the '240 patent 
as one of the so-called transition metal elements, because aluminum carbide, aluminum 
nitride, or aluminum carbonitride is not more thermodynamically stable than other 
compounds formable between the additives (i.e., TM, C and/or N) and the base alloy 
10 components (/.e., RE, Fe and/or Co, B). Thus, adding Al to the basic alloy in accordance 
with the '240 patent would not achieve the desired results. 

It is therefore an object of the present invention to provide one or more additive 
elements and/or compounds to a base Nd-Fe-B compound to improve its quenchability; 

It is another object of the present invention to minimize any degradation of the alloy 
15 magnetic properties caused by such addition of elements and/or compounds; and 

It is a further object of the present invention to provide a method and apparatus for 
making such magnetic alloy at higher production through put than what has been possible in 
the past. 

20 SUMMARY OF THE INVENTION 

These and other objects are achieved by the present invention which provides a 
magnetic alloy composition having an enhanced quenchability and a method for making 
magnetic alloy powders having such composition. 

In accordance with the present invention, a rare earth permanent magnet alloy is 
25 provided having a composition expressed as R x Fi 0(Kx+y4x4 . m+ll) lB y T e M lll D n . In this composition, 
R is one or more of rare earth elements, such as, but not limited to, neodymium, lanthanum, 
cerium, dysprosium and/or praseodymium; F is Fe or Fe and up to 20 atomic percent of Co 
by substitution; B is boron; T is one or more elements selected from the group of Ti, Zr, Cr, 
Mn, Hf, Nb, V, Mo, W and Ta; M is one or more elements selected from the group of Si, Al, 
30 Ge, Ga, Cu, Ag, and Au; and D is one or more elements selected from the group of C, N, P, 
and O. In this formula, x, y, z, m, n are atomic percentages in the ranges of 3<x<15, 4<y<22, 
0.5<z<5, 0.1<m<2, and 0.1<n<4. 

Particles of such alloy are produced by first forming a melt having such composition, 
followed by rapidly solidifying the melt to form substantially amorphous solid particles. 
35 Preferably, particles are formed by rapidly cooling from the melt at a cooling rate greater than 
about 10 5 degrees (centigrade) per second. More preferably, the particles are formed by a 
centrifugal atomization process which mass-produces the particles at a rate greater than about 
0.5 kilogram per minute and up to 100 kilograms per minute. 

In accordance with the present invention, alloy particles can be formed substantially 
spherical in shape, irregular in shape, or substantially plate-like in shape. A combination of 
these shapes may also be produced in accordance with the present invention. Preferably, the 
fine particles have a size ranging between 1 and 200 micro meters in diameter, and the plate- 
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like particles have a size ranging between 50 and 500 micrometers in length and between 20 
and 100 micrometers in thickness. 

In accordance with present invention, the particles formed by rapid solidification are 
heated under a vacuum or an inert atmosphere at a temperature between 500 degrees 
centigrade and 850 degrees centigrade for a time between 1 to 300 minutes to transform the 

5 particles into a structure consisting of between 30 and 95 percent by volume of crystallites of 
the tetragonal 2-14-1 magnetic phase having dimensions of between 0.02 and 0.2 
micrometer. This annealing step increases the coercivity H ci to at least 2 kOe, the remnant 
magnetization B r to at least 5 kG, and the maximum energy product BH max to at least 7 
MGOe. The heat-treated particles are then made into a magnet by either polymer bonding or 

10 by heat-consolidation. 



BRIEF DESCRIPTION OF THE DRAWING 

These and other features, objects, and advantages of the present invention will 
become more apparent from the following detailed description in conjunction with the 
15 appended drawing, in which Figure 1 illustrates a preferred embodiment of a centrifugal 
atomization apparatus of the present invention for making magnetic alloy powders of the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

20 In accordance with the present invention, a rare earth permanent magnet alloy is 

provided. The composition of the alloy is expressed as R x F IO(Kx+y+z+m+n) B y T z M in D n . In this 
formula, R is one or more of rare earth elements, such as, but not limited to, neodymium, 
lanthanum, cerium, dysprosium and/or praseodymium; F is Fe or Fe and up to 20 atomic 
percent of Co by substitution; B is boron; T is one or more elements selected from the group 

25 of Ti, Zr, Cr, Mn, Hf, Nb, V, Mo, W and Ta; M is one or more elements selected from the 
group of Si, AI, Ge, Ga, Cu, Ag, and Au; and D is one or more elements selected from the 
group of C, N, P, and O. In this formula, x, y, z, m, n are atomic percentages in the ranges of 
3<x<15, 4<y<22, 0.5<z<5, 0.1<m<2, and 0,l<n<4. 

In the above-described alloy, group M elements are substantially not bonded to group 

30 D elements to form a compound, because such compound would not be thermodynamically 
stable in this alloy. However, group M elements may bond with group T elements to form 
stable compounds. In accordance with the present invention, advantageously, the amount of 
all group T elements together is not necessarily in stoichiometric amount with all of the 
group D elements together. 

35 By using non-stoichiometric additions of the compound forming elements, superior 

magnetic properties are achieved as compared to the case where the compound forming 
elements are provided in substantially stoichiometric amounts. More specifically, in cases 
where the negative effects of poisoning are known (e.g., when the T elements contain Ti), by 
using additions in which the non-metallic elements of group D is provided over the 
stoichiometric amount (e.g., 1-10% excess) of metallic elements of group T, substantially all 
of the metallic elements of group T are incorporated into compounds, thereby minimizing 
substitution of such elements into the base 2-14-1 phase and the associated magnetic property 
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degradation due to poisoning. Preferably, the excess non-metallic element (e.g., C) is 
capable of being incorporated into the 2-14-1 phase without seriously compromising 
magnetic properties of the alloy (e.g., by direct substitution of B by C in stoichiometric 2-14- 
1 phase). Alternatively, in cases where the metallic elements of group T do not poison the 
magnetic properties of the 2-14-1 phase but rather enhance the magnetic properties of the 
alloy in (e.g., additions of the T element Nb are known to enhance H ci ), by using additions in 
which metallic element of group T is provided over the stoichiometric amount of the non- 
metallic elements of group D, substantially all of the non-metallic elements of group D are 
incorporated into compounds, thereby leaving an excess amount of the metallic elements 
from group T which, advantageously, enhances the magnetic properties of the alloy. 

In accordance with the present invention, the addition of the M category of elements 
allows to achieve comparable levels of enhanced alloy quenchability while using less of the 
compound forming additives. In this case, the elements added either substitute for Fe in 2- 
14-1 phase (e.g., Si, Al) or they promote the formation of another phase that impacts the 
magnetic properties in a predictable fashion (e.g., Ga). For example, an optimum wheel 
speed of 8 meters-per-second is achieved using only one atomic percent of TiC addition 
(compared to three atomic percent of TiC mentioned above) by adding 0.5 to 2 atomic 
percent of one or more M elements (e.g., Cu, Al, Si and/or Ga). The magnetic properties are 
superior to those resulting from TiC addition alone. It should be apparent to one skilled in 
the art that the magnetic alloy composition of the present invention may include minor 
amount of impurity elements, such as magnesium, calcium, oxygen and/or nitrogen. 

Preferably, the alloy is made by first rapidly solidifying the melt having the same 
composition at a cooling rate greater than about 10 5o C per second, and which is mass- 
produced at a rate greater than about 0.5 kg/min and up to 100 kg/min to yield substantially 
amorphous solid particles. The amorphous particles are then heat-treated under an inert 
environment, such as under vacuum or inert gas atmosphere, at a temperature between 500 °C 
and 850°C and for a time between I min and 300 mins. This annealing step transforms the 
alloy material into a structure consisting of between 30% and 95% by volume of crystallites 
of the tetragonal 2-14-1 magnetic phase having dimensions of between 0.02 and 0.2 
micrometers, thereby increasing the coercivity H ci to at least 2 kOe, increasing the remnant 
magnetization B r to at least 5 kG, and increasing the maximum energy product BH max to at 
least 7 MGOe. 

Fig. 1 illustrates a preferred embodiment of an atomization apparatus of the present 
invention. This apparatus 100 includes a melt chamber 105 where an alloy 110 is melted 
under vacuum or an inert atmosphere by any suitable means, such as induction, arc, plasma, 
or e-beam melting, in a furnace 115. Melt 110 is then delivered to a tundish 120 having a 
nozzle 125 for introducing a molten stream of the alloy onto a rotating disk or cup 130. 
Rotating disk or cup 130 breaks the molten stream into fine liquid droplets by centrifugal 
atomization. The centrifugally atomized fine liquid droplets are then cooled by a cooling 
medium 135, such as a high velocity helium gas, to produce rapidly solidified, substantially 
spherical droplets. The substantially spherical droplets are further splat-quenched by a 
stationary or rotating water-cooled splat quenching shield 140 to produce substantially flake- 
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like particles 145. Illustratively, a turbine or electrical motor 150 is used to drive rotating 
table 130. The splat-quenched powders as produced are then collected in a chamber 155. 

In this preferred embodiment, centrifugal atomization is used to produce fine particles. 
However, it should be apparent to one skilled in the art that other atomization method suitable 
for fine particles production, such as gas atomization or water atomization, may be used in 

5 place of the centrifugal atomization described herein. 

In accordance with the invention, fine powders may be produced by using only the 
cooling medium but no splat-quenching; and flake powders may be produced by using only 
the splat-quenching (by the shield) but no cooling medium. In addition, a combination of fine 
particle shapes can be simultaneously produced in the apparatus of the present invention 

10 described above by adjusting the size and velocity of the cooling medium such that only 
particles below a certain size solidify after going through the medium; larger droplets exit the 
cooling medium still molten and impact the splat quenching shield to produce flakes. The 
flakes can be either separated from the other particle shapes by a suitable method, allowing 
each product to be used separately, or the rapidly solidified product can be a mixture of 

15 particle morphologies. The advantages of this process are discussed below. 

The simultaneous production of different particle morphologies greatly increases 
production yields for atomization processing. For atomized powders, the smaller the particles 
are, the faster the cooling rate for such particles (equivalent to increasing wheel speed during 
melt-spinning). In prior atomization studies, only the finest atomized particles particles 

20 having a diameter of less than 5 microns) cool fast enough to produce over-quenched material 
that yields acceptable magnetic properties. Using the enhanced quenchability alloys of the 
present invention, over-quenched particles having larger sizes, e.g., about 50 microns, are 
made. This offers practical and commercial advantages because the yield of small particles is 
usually very low and fine particles are difficult to handle. With larger-size overquenched 

25 particles, both high yield and high throughput are achieved. These powders are easier to 
handle and exhibit better magnetic properties than powders having the same particle size that 
are produced from crushing melt-spun ribbons. Such atomized particles are ideally suited for 
producing magnet articles by injection molding. 

A second advantage of the simultaneous production of different particle morphologies 

30 is that it is possible to control the apparatus to produce flakes only from droplets equal to or 
greater than a specified size rather than getting flakes from all droplets sizes, as would be the 
case if only splat-quenching is used. Since the size of a flake produced relates to the size of 
the starting droplet, flakes within only certain desired size ranges are thus produced. 

Another improvement of flake production by the atomization method of the present 

35 invention is that superior quality flakes in smaller sizes can be produced, as compared to what 
can be produced by crushing melt-spun ribbons. Currently, flakes smaller than about 75 
micrometers cannot be produced by melt-spinning because crushing the flakes smaller and 
smaller exposes more and more fresh surface area of the flakes to the atmosphere, making 
them more reactive and therefore resulting in a loss in magnetic properties due to oxidation 
and/or establishment of dangerously flammable conditions. Since smaller flakes are produced 
in accordance with the present invention, which do not require further crushing, the surface of 
the flakes produced by this atomization method is already passivated and are therefore 
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inherently more stable. In accordance with the present application, stable and usable flakes 
with particle sizes well below 75 micrometers are produced, which are ideally suited for 
fabrication of magnet articles by the process of injection molding . 

Finally, flake materials with superior magnetic properties compared to melt-spun 
flakes are produced. The improvements in magnetic properties come from achieving a more 

5 homogeneous microstructure which results from higher cooling rates. For example, the melt- 
spinning process is claimed to achieve cooling rates on the order of 1, 000,000 °K/s which 
allows to produce over-quenched material. In accordance with the present invention, over- 
quenched material having the composition of the present invention is produced with cooling 
rates on the order of only 10,000 to 100,000°K/s. This is due to the high quenchability of the 

10 alloy composition. In terms of production throughput, 100 kg/min and more has been 

achieved in accordance with the present invention. In addition, the alloy composition of the 
present invention may also be used in a conventional melt-spinning process to achieve 
ribbons having improved homogeneity across the ribbon thickness. 

In accordance with the present invention, the production offtakes by atomization and 

15 splat-quenching is capable of achieving a cooling rate comparable to or higher than that 
achievable by a melt-spinning process and a higher production rate than that of atomization. 
Accordingly, uniformly over-quenched material is easily produced at a substantially higher 
production rate. 

To form a magnet, the crystallized particulates are mixed with a binder to form a 
20 bonded magnet compression molding, injection molding, extrusion, tape calendering, or by 
any other suitable method. A magnet can also be formed by consolidating the particles at an 
elevated temperature. Consolidation techniques, such as sintering, hot-pressing, hot- 
extrusion, die-upsetting, or others involving the application of pressure at elevated 
temperatures may be used. During elevated temperature consolidation, the primary and 
25 secondary precipitates act to pin the grain boundaries and minimize deleterious grain growth 
that is harmful to magnetic properties. 

It will be apparent to those skilled in the art that numerous modifications may be made 
within the scope of the invention, which is defined in accordance with the following claims. 

30 
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1 . A rare earth permanent magnet alloy having a composition expressed as RxF,^. 

(x^+z+nvm)ByT I M fn D n> 

where R is one or more of rare earth elements, 
5 F is Fe or Fe and up to 20 atomic percent of Co by substitution, 

B is boron, 

T is one or more elements selected from the group of Ti, Zr, Cr, Mn, Hf, Nb, 
V, Mo, W, and Ta, 

M is one or more elements selected from the group of Si, Al, Ge, Ga, Cu, Ag, 

10 andAu, 

D is one or more elements selected from the group of C, P and O, and 
where x, y, z, m, n are atomic percentages in the ranges of 3<x<15, 4<y<22, 
0.5<z< 5, 0.1<m<2, and 0.1<n<4. 

15 2. The alloy of claim 1 comprises crystallites of tetragonal 2-14-1 magnetic phase 

having dimensions between 0.02 and 0.2 micrometers. 

3. The alloy of claim 1 having a coercivity H ci of at least 2 kOe, a remnant 
magnetization B r of at least 5 kG, and a maximum energy product BH^ of at least 7 MGOe. 

20 

4. Rare earth permanent magnet powder comprising alloy particles having a 
composition as in claim 1 . 

5. The magnetic alloy powder of claim 4 wherein the particles are substantially 
25 spherical or irregular in shape and between 1 and 200 micrometers in diameter, 

6. The magnetic alloy powder of claim 4 wherein the particles are substantially 
plate-like in shape and between 50 and 500 micrometers in length and between 20 and 100 
micrometers in thickness. 

30 

7. The magnetic powder of claim 4 wherein the particles include mixture of different 
particle morphologies. 

8. The magnetic powder of claim 4 wherein said alloy particles comprises 

35 crystallites of tetragonal 2-14-1 magnetic phase having dimensions of between 0.02 and 0.2 
micrometers. 

9. The magnetic powder of claim 4 having a coercivity H CI of at least 2 kOe, a 
remnant magnetization B r of at least 5 kG, and a maximum energy product BH max of at least 7 
MGOe. 
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10. Method of making a permanent magnet comprising the step of forming a melt 
having a composition as in claim 1, and rapidly solidifying said melt to form substantially 
amorphous solid particles. 

1 1 . The method of claim 1 0 wherein said particles are formed by rapidly cooling 
5 from the melt at a cooling rate greater than about 1 0 4 C/s. 

12. The method of claim 1 0 wherein said particles are mass produced at a rate 
greater than about 0.5 kg/min. 

10 13. The method of claim 10 wherein said melt is rapidly solidified by quenching 

by contacting with a rotating water-cooled solid substrate. 

14. The method of claim 10 wherein said melt is rapidly solidified by quenching 
by contacting with a pair of counter rotating, water-cooled solid substrates. 

15 

1 5. The method of claim 1 0 wherein said melt is rapidly solidified by an 
atomization method. 

16. The method of claim 10 wherein said melt is rapidly solidified by quenching 
20 by centrifugal atomization. 

1 7. The method of claim 10 wherein said particles are substantially spherical or 
irregular in shape and between 1 and 200 micrometers in diameter. 

25 18. The method of claim 10 wherein said particles are substantially plate-like in 

shape and between 50 and 500 micrometers in length and between 20 and 100 micrometers in 
thickness. 

1 9. The method of claim 1 0 further including the step of heat treating said 

30 particles under a vacuum or inert atmosphere at a temperature between 500 °C and 850 °C and 
for a time between 1 min and 300 min to transform the particles into a structure consisting of 
between 30% and 95% by volume of crystallites of the tetragonal 2-14-1 magnetic phase 
having dimensions of between 0.02 and 0.2 micrometers, thereby increasing the coercivity H ci 
to at least 2 kOe, increasing the remnant magnetization B r , to at least 5 kG, and to increasing 

35 the maximum energy product BH^ to at least 7 MGOe. 

20. The method of claim 19 further including a step of coating or mixing said 
particles with a polymeric binder. 

21 . The method of claim 20 further including a step of consolidating said particles 
into a magnet shape by compression molding, injection molding, extrusion, or tape 
calendering. 
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22. The method of claim 20 wherein said polymeric binder includes a 
thermoplastic compound having a melting temperature greater than about 200 °C. 

23. The method of claim 20 wherein said polymeric binder includes a 
thermosetting resin. 

24. The method of claim 19 further including a step consolidating said particles 
into a near-full density magnet shape by sintering or by the simultaneous application of 
pressure and temperatures exceeding about 600 °C. 

*0 25. The method of claim 24 wherein the near-full density magnet is manufactured 

by sintering, hot pressing, die upsetting, hot isostatic pressing or hot extrusion. 

26. Method for rapidly solidifying a molten alloy comprising one or more rare 
earth elements, iron, and boron to produce fine particles, comprising the steps of; 

15 producing droplets of said alloy by introducing said molten alloy onto a 

rotating disk; 

cooling said droplets by subjecting said droplets to a cooling medium; and 
further cooling said droplets by impacting said droplets, after cooled by said 
cooling medium, onto a splat shield. 

20 

27. Method for producing a mixture of different particle morphologies including 
spherical, irregular or plate-like particles comprising one or more rare earth elements, iron 
and boron, comprising the steps of: 

providing a molten alloy comprising rare earth, iron and boron; 
25 introducing said molten alloy onto a rotating disk to produce droplets of said 

alloy; 

cooling said droplets by subjecting said droplets to a cooling medium such that 
a portion of said droplets solidified into substantially spherical or irregular particles; 

impacting said droplets, after cooled by said cooling medium, onto a splat 
30 shield such that the portion of said droplets that have not been solidified by said cooling 
medium impact said splat shield to form substantially plate-like particles. 



35 



- 10 - 



WO 00/45397 



PCT/US00/O1842 



1 / 1 

100 




INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/USOO/01842 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(7) :H01P 1/057, 1/058, 1/059; B22F 9/10 

According to International Patent CUaaiilcatton (IPC) or to both national classification and IPC 


a FIELDS SEARCHED 


Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 148/302; 75/333, 334, 338, 339 


Documentation searched other than nutumum documentation to the extent that such documents are included in tho fields searched 
NONE 


Electro nio data base consulted during the international search (name of data base and, where practicable, search terms used) 
EAST, rare earth 


C DOCUMENTS CONSIDERED TO BE RELEVANT 


Category* 


Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


Y 


US 5,858,123 A (UCHBDA et al.) 12 January 1999, column 2, lines 
8 to 15; column 7, lines 1 to 12 and column 19, Table 2. 


1-25 


Y 


US 5,803,992 A (McCALLUM et al) 08 September 1998, column 4, 
lines 30 to 56. 


1-9 


Y 


US 5,240,513 A (McCALLUM et al) 31 August 1993, column 6, 
lines 11 to 20. 


26 and 27 


Y 


US 5,135,584 A (FUJIWARA) 04 August 1992, column 2, lines 6 
to 30 and 59 to 68. 


1-25 


Y 


US 4,994,109 A (WILLIAMS et al) 19 February 1991, Abstract and 
column 1, lines 58 to 69. 


10 to 25 


| x| Further documents are listed in the continuation of Box C. | | See patent family annex. 


* Special cattg ori«a of cited document): 

"A" document defining meg oneral state of me art which is not considered 
to be of particular relevance 

*B" earlier document published on or efter the international filing data 

*L* document which may throw doubts on priority claim (s) or which b 
cited to establish the publication date of another citation or other 
special reason (as specified) 

*0" document referring to an oral disclosure, use, exhibition or other 
means 

*P* document published prior to the international filing date but later than 
the priority date claimed 


*T* later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 

"X" document of particular relevance; tbo claimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

*Y" document of particular relevance; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, iuoh combination 
being obvious to a person tkillod in the art 

*&." document member of the same patent family 


Date of the actual completion of the international search 
21 APRIL 2000 


Date of mailing of the international search report 

30MAY200Q 


Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 


Authorized officer /v-l 4[ 

DEBORAH THOMAS iJL^^ 
JOHN P. SHEEHAN PARALEGAL SPeOAUST 

Telephone No. (703) 308-0651 



Form PCT/ISA/210 (second sheet) (July 1998)* 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCTAJS00/01&42 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 4,952,239 A (TOKUNAGA et al) 28 August 1990, column 3, 
lines 30 to 47and column 4, lines 25 to 50. 

US 4,836,868 A (YAJIMA et al) 06 June 1989, column 3, lines 13 
to 68. 

US 4,375,440 A (THOMPSON) 01 March 1983. 



1-25 



10 to 25 



26 and 27 



Form PCT/ISA/210 (continuation of second sheet) (July 1998) * 



